When acute exposure to fluoride is thought to be the cause of death, confirmation often depends on the analysis of some body fluid or tissue. The aim of this study was to evaluate the use of nails and the periosteal surface of bone as indicators of acute exposure to fluoride. Six groups of rats were given a single oral dose of fluoride (50 mg/kg body weight), while the control group was given deionized water. The rats were killed at 2, 4, 8, 16, 24, and 48 h after fluoride administration. Plasma and nails (the proximal halves) were collected and analyzed for fluoride with an ion-specific electrode after hexamethyldisiloxane-facilitated diffusion. A circular area of the femur (4.52 mm 2) was etched with 0.5M HCI for 15 s, and, after the addition of a buffer, the solution was analyzed with an ion-specific electrode. Peak plasma concentration occurred at 2 h, followed by progressively declining concentrations. Peak nail fluoride concentrations occurred at 8 h. The mean nail concentrations at 8, 16, and 24 h were significantly higher than that of the control group. Bone surface concentrations were significantly higher than that of the control group at 4 h and thereafter. Thus, the proximal portion of nails and bone surface are suitable biomarkers for acute fluoride exposure in rats.
Introduction
Fluoride-induced fatalities have been caused by acute exposures to cleaning agents, hydrofluoric acid, dental products, or accidental over-fluoridation of water supplies in hernodialysis centers (1-13). When fluoride is suspected as the cause of death, confirmation often depends on the analysis of plasma (8) or urine (7) . Death may occur within a few hours (5) or the victim may survive for several days (3) . Because absorbed fluoride is taken up by bone and excreted rapidly by the kidneys (14) , however, the fluoride concentrations in plasma and urine may approximate physiological levels before these fluids can be collected, which would impair its detection in these fluids. The uptake of fluoride from the extracellular fluids by bone in the short-term occurs largely on the periosteal and endosteal surfaces where it is firmly bound. Thus, the analysis of bone surface fluoride has the potential of being a more reliable biornarker for acute fluoride exposures.
Nail clippings have been used as biomarkers for chronic exposures to fluoride (15) (16) (17) (18) (19) (20) (21) (22) but not for acute exposures. Whitford et al. (21) reported that a supplemental fluoride intake of 3.0 mg per day (which doubled the intake with the diet) for 30 days resulted in increased fluoride concentrations in fingernail clippings but only after a lag time of 3.5 months. They proposed that fluoride enters fingernails via the matrix (proximal or growth portion) and not through the nail bed. Based on this, we hypothesized that analysis of the growth portion could be used as an additional postmortem test in cases of suspected fluoride poisoning.
The aim of the present study was to determine whether the fluoride concentrations in nails and the periosteal surface of the femur are elevated after an acute dose of fluoride. If so, then these tissues could serve as additional postmortem biomarkers in cases of suspected fluoride poisoning.
Materials and Methods
Male, 70-day-old Wistar rats (n = 105) weighing 230-290 g were obtained from the Central Vivarium of the Bauru Dental School (Bauru, Brazil). After having been denied food but allowed free access to deionized water for 12 h, the rats were randomly assigned to six groups (15 rats/group) that differed with respect to the time they were killed after having received a single fluoride dose (50 mg F/kg body weight) by gastrogavage. These groups were killed at 2, 4, 8, 16, 24 , and 48 h after the administration of the fluoride doses. The dosing solution was prepared by adding sodium fluoride to deionized water. The control group was given deionized water and killed 2 h later.
While the rats were anesthetized with diethyl ether, a blood sample was collected from the heart into a lightly heparinized syringe for the determination of plasma fluoride. The nails from all four feet were removed with a hemostat, and the prox-imal halves (considering the length of the nails) were immediately cleaned and prepared for fluoride analysis. The right femur was removed from each rat, cleaned of soft tissue with gauze, and dried for 24 h at 90~
Fluoride analysis

Nails and plasma
The nails were cleaned briefly with deionized water using a piece of cloth and then sonicated in deionized water for 10 min, dried at 60~ for 2 h, and weighed. The weight of the nail collections ranged from 5.48 to 27.48 rag. Nail fluoride concentrations were determined after overnight hexamethyldisiloxane (HMDS)-facilitated diffusion [Taves (23) ; modified by Whitford (24) using the ion-specific electrode (model 9409, Orion Research, Cambridge, MA) and a miniature calomel electrode (#13-620-79, Accumet, Hudson, MA) both coupled to a potentiometer (model EA 940, Orion Research)].
Deionized water (2.0 mL) was placed in the bottom of a nonwettable diffusion dish (1007, Falcon, Franklin Lakes, NJ), along with the nails or plasma. The trapping solution, 50 IJL 0.05M NaOH, was placed in three drops on the inside of the lid of the dish. The periphery of the lid was ringed with Vaseline and sealed to the bottom of the dish. Two milliliters 3.0M H2SO4 saturated with HMDS was added to the bottom through a small hole previously burned into the lid with a soldering iron. The hole was immediately sealed with Vaseline. During the diffusion process, which continued overnight at room temperature, the solutions were swirled at 45 rpm on a rotary shaker. The next day, the lid was removed and inverted, and the trapping solution was buffered to pH 5 with 25 IJL 0.20M acetic acid. The final volume was then diluted to 75 IJL by the addition of deionized water using a fixed-volume pipettor. The fluoride and reference electrodes were placed in contact with the solution with gentle agitation until a stable mV reading was obtained. Fluoride standards (0.095, 0.190, 0.475, 0.950, 1.900, and 3.8001Jg fluoride for nails and 0.019, 0.095, 0.190, 0.950, 1.900, and 4.750 IJg fluoride for plasma) were prepared in triplicate and diffused in the same manner as the nail and plasma samples. In addition, nondiffused standards were prepared with the same reagents and in the same proportions as those used to prepare the diffused standards and samples. The nondiffused standards were diluted to have exExperimental actly the same fluoride concentrations as the Groups diffused standards. Comparison of the mV readings demonstrated that the fluoride in the diffused standards had been completely trapped and analyzed (recovery > 99%). The mV potentials were converted to/lg F using a standard curve with a coefficient correlation of r > 0.99.
Bone
The femur was sectioned transversely to obtain a 1.0-cm specimen taken from the mid-diaphysis. The cut edges were sealed with dental wax. A circular hole (2.4-ram diameter) was punched in adhesive tape, which was applied firmly to the center of the bone specimen. The remaining surfaces of the bone were painted with acid-resistant nail varnish so that only a 4.52 mm 2 surface area was exposed. The bone was then placed in a plastic test tube containing 0.50 mL 0.50M HCI, and, after 15 s of being constantly agitated, the acid was buffered to pH 5 by the addition of 0.50 mL total ionic strength adjustment buffer (TISAB). This solution was analyzed along with standards containing 0.10-1.6 IJg F/mL. The mV readings were converted to IJg F using a standard curve with a coefficient correlation of 0.99. The weight of bone mineral removed was obtained by the colorimetric analysis of inorganic phosphorus (25) in the acid assuming that its concentration in dry bone is 13.5%. The fluoride concentration on the bone surface is expressed as IJg F/g bone (ppm).
Statistical analysis
The data are expressed as mean • standard deviation (SD). Plasma and nail fluoride concentrations as a function of time after the fluoride doses were tested for statistically significant differences by analysis of variance (ANOVA) and Tukey's post hoc test for individual comparisons. For the bone data, the Kruskal-Wallis and Dunn's multiple comparison tests were used. An alpha value of 0.05 was selected as the indicator for statistically significant differences. Table I shows the fluoride concentrations of the plasma (1Jg/mL), nails, and femurs (IJg/g) as a function of time after fluoride administration. The peak plasma concentration occurred in the 2-h sample, followed by progressively declining concentrations. ANOVA revealed a significant difference among the plasma concentrations (F = 54.9, p < 0.0001). Tukey's test showed significant differences in plasma concentrations between the control group and groups that were killed at 2, 4, and 8 h (p < 0.001). The peak nail fluoride concentration occurred at 8 h after the doses were administered and 6 h after the peak concentration was reached in plasma. As happened in plasma, the subsequent nail concentrations were lower than the peak concentration. The ANOVA showed a significant difference in nail fluoride concentrations among the groups (F = 6.92, p < 0.0001). Tukey's test revealed a significant difference between the nail concentrations of the control group and the groups killed at 8 (p < 0.001), 16 , and 24 h (p < 0.05). The 48-h concentration, however, was not significantly different from the control concentration.
Results
The fluoride concentrations in the surface mineral of the femurs also showed significant differences (p < 0.0001). Unlike the plasma and nail concentrations, which reached a peak and then declined, no distinct peak concentration was apparent in bone. Although, as determined by ANOVA, the 2-h concentration was not significantly higher than the control value; it was more than twice as high. The subsequent concentrations were all higher than the control concentration (p < 0.05).
Discussion
Whitford et al. (26) reported that the oral LDs0 values for fluoride were 85.5 and 126.3 mg F/kg body weight when given to rats as an aqueous solution of sodium fluoride in two separate studies. An intermediate value, 98 mg F/kg, was reported by Gruninger et al. (27) in their study with rats. In the present study, we chose to use a large but nonlethal dose of fluoride because we wanted to determine tissue fluoride concentrations for up to 48 h. Although many of our rats were relatively immobile and lethargic, especially during the first day of observation, none died.
The results of our study indicate that increased fluoride concentrations are detectable in the proximal half of nails following the acute administration of fluoride. As noted in the Introduction section, there is evidence that fluoride enters human fingernails via the proximal (growth) end and not through the nail bed and that nail fluoride concentrations are determined by plasma concentrations (21) . Based on this, we hypothesized that the fluoride concentrations in the proximal half of rat nails would be elevated shortly after the acute administration of a large dose of fluoride.
Our results corroborate this hypothesis. Increased nail concentrations were found in the nails collected 8, 16, and 24 h following the fluoride doses. It is not clear why the 48-h nail fluoride concentration was lower than those at 8, 16, and 24 h. It may have been due to the continuous growth of the nails and the low plasma fluoride concentrations that occurred during the second day of the study. In a previous study, increased nail concentrations were not detected when rats were killed 2 h after fluoride administration (28) , nor were they found at that time in the present study. It appears that detectable increases in nail fluoride concentrations lag behind plasma concentrations by approximately 6 or 8 h in the rat.
Our results also indicate that increased fluoride concentrations in the surface mineral of the femur occur following the acute administration of fluoride. The initial uptake of fluoride by bone occurs by iso-and heteroionic exchange on the surface of bone crystallites (29) , and the rate is greatest at the endosteal and periosteal surfaces. It is for this reason that we chose to sample the first few microns of mineral on the periosteal surface and compare the bone concentrations of the fluoride-treated groups with those of the control group. This approach was reasonable because all of the rats were born and raised in the same environment, were the same age, and had been fed the same diet, thus the bone fluoride concentrations of all groups were certainly similar before the administration of fluoride.
This homogeneity is not necessarily true among humans in defined populations or regions. It is known that, within any given age range, human bone fluoride concentrations are determined by past fluoride intake (30) and, within any given range of fluoride intake, the concentrations increase with age (31, 32) . Because of these variables, the use of surface bone fluoride concentrations per se may not be the best indicators of acute exposure to lethal amounts of fluoride. Further, the concentration of fluoride throughout the thickness of rat and human femurs is not uniform, but, instead, it is highest at the periosteal and endosteal surfaces and lower in the interior regions (33) . It is likely that ratio of surface-to-interior bone fluoride concentrations will be more instructive in this regard. The ratios for bone from persons not exposed to large, acute doses of fluoride are the subject of an ongoing study in our laboratory. The purpose of this work was to obtain normative data against which such ratios in cases of suspected fluoride fatalities can be compared.
Finally, in our 48-h study, we found that bone surface fluoride concentrations increased sooner than those in the nails and that they did not decline as they did in nails. This suggests that fluoride accumulation on the periosteal surface of the femur is faster and less likely to change as a function of time. For these reasons, we believe that this region of the femur is probably a better biomarker to confirm exposure to large doses of fluoride.
